ABSTRACT Indirect evidence suggests that fluctuations, or oscillations, in the intracellularfree calcium concentration ([Ca2+] (4) (5) (6) .
mediate cellular processes as varied as chemotaxis and secretion, in systems ranging from prokaryotes to mammalian endocrine cells (1) . In excitable cells, such changes in the [Ca2+]i are usually initiated by electrical stimuli, but [Ca2+] i in cardiac muscle can oscillate even after the stimulated action potential is over and twitch tension has decayed. These [Ca2+]i oscillations are manifested as oscillations in force and membrane potential, first described 40 years ago (2) and since witnessed frequently under conditions of increased [Ca2+] i (see ref. 3 for review). Direct evidence for these afteroscillations in [Ca2+] has come from preliminary studies using the Ca2+-sensitive bioluminiscent protein aequorin, showing a transient increase in luminescence associated with aftercontractions (4) (5) (6) .
Oscillations in force, membrane potential, and related parameters can also occur spontaneously-i.e., not coupled to any prior electrical stimulation (see references in refs. 3, and 7-12) .
A large body of evidence also points to Caei+ as the cause of these oscillations: spontaneous mechanical oscillations correlate closely with those in membrane potential (or current) (7); both mechanical and electrical fluctuations occur most readily under conditions of increased Ca2" loading; conversely, both are attenuated by intracellular EGTA injection, presumably by chelation of excess Ca2" (7, 8) . While compelling, the evidence for (Table 1) . Flow was controlled by a pump and was kept constant during any single experiment to ensure comparable solution changes. Temperature was maintained at 350C-360C by a Peltier device. The fibers were field stimulated at frequencies of 1-3 Hz during recovery from mounting. Those fibers that exhibited a normalized twitch force of r2.5 g/mm2 of total cross-sectional area with a stimulus duration of 1 msec were then pressure injected with aequorin as described (16, 17) . Typically, 10-20 cells in each fiber were injected. The chamber was then shielded from external light, and light from the preparation was collected through a Lucite light guide leading to a photomultiplier tube ( (Table 1) for a sufficiently long time for tension to plateau. The low-Na' solution increases the [Ca2+]i even further, presumably via the Na+/Ca2+ exchange mechanism (19, 20) . Control solution was then restored, the fiber was allowed to recover to within 90% of the original control twitch tension, and the above protocol was repeated. In some experiments, caffeine (4-10 mM) or ryanodine (1 puM) was added at various points in the protocol. Fibers were not stimulated during the collection of data for fluctuation analysis (see below). Data Analysis. The light records stored on magnetic tape were low-pass filtered at 15 Hz and digitized at 40 Hz on a Nicolet digital oscilloscope. Data segments of 40-to 500-sec duration were analyzed using a fast Fourier transform program (modified from Ralston and Wilf, ref. 21 ) to generate power spectra (e.g., Fig. IC ). Prior studies of oscillatory phenomena in heart cells have found power density to be concentrated in the range below 10 Hz (3, 8); we confirmed this in our own experiments by examining several power spectra generated from unfiltered data.
Great care was taken to exclude from analysis data segments showing any twitch activity, which might be due to electrically triggered rather than spontaneous [Ca2]i oscillations. We did not measure membrane potential routinely, but in two experiments, we confirmed the findings of Corabouef et al. (18): action potentials or low-voltage oscillations (22) could be reliably excluded when there was no sign of twitch activity.
In principle, changes in muscle position could affect the efficiency of light collection, leading to spurious fluctuations in luminescence. This is unlikely to be important in our experiments because tension fluctuations are very small even when large luminescence fluctuations are recorded (see Figs. 1-4 ). Nevertheless, we tried to minimize this possibility by using a light guide with a diameter (6.5 mm) that is large relative to the injected area of the preparation and by mounting fibers so that little or no rotation was evident visually.
During some of the experimental interventions, the [Ca2e]i rose to high levels for a long enough period of time that appreciable utilization of aequorin occurred. We corrected some of the luminescence records for this problem by using the following method. After the experiment, we integrated the luminescence throughout the entire experiment, so that we knew at any given moment how much aequorin remained in the preparation. Luminescence records could be corrected from that point onward by using the known relationship between the fractional luminescence (L/Lm.) and the rate of aequorin consumption (ref. 14; see also the legend to Fig. 1 ).
RESULTS
The results from a fiber during exposure to low-Na+ solution and at rest are shown in Fig. 1 (A, tension; B, light). The increase in tension during low-Na' exposure is associated with a marked rise in aequorin luminescence, which decays rapidly along with the relaxation on return to control solution. The power spectra of aequorin luminescence during OK24Na exposure (1) and from the fiber at rest (2) are shown in Fig. 1C Fig. 2A, record 3) , there is a further increase in power density and a shift to higher frequencies (Fig. 2B, record 3 (10, 25) , which occur as a result of spontaneous asynchronous microscopic cellular motion (12) and which do not occur in species with a sparse SR, such as the frog. We tested the involvement of the SR pharmacologically with caffeine and ryanodine. Caffeine is believed to inhibit Ca2+ uptake by the SR (26, 27) , whereas ryanodine primarily inhibits Ca2+ release from the SR (28, 29) . Caffeine attenuates fluctuations in force and membrane current (30, 31) , and both agents abolish scattered light-intensity fluctuations (32) . The results from a fiber that was exposed to OK and OK24Na solutions and then to 10 mM caffeine in the continuing presence of OK24Na are shown in Fig. 3A, record 1 . Both the light signal (middle trace) and a derived plot of the apparent mean free Ca2+ concentration (bottom trace) are shown. The power spectrum of light without drug (Fig. 3C, record 1) resembles that in Fig. 1 in showing a prominent caffeine treatment (Fig. 3C Inset, record 1) are abolished (record 2). The power spectrum in the presence of caffeine is correspondingly flat (Fig. 3C, record 2) . Tension is greater in the presence of caffeine, despite the fact that light intensity decreases substantially after the initial release. This may reflect an increase in myofilament sensitivity with caffeine treatment (27, 33) , or it may simply result from attenuation of the oscillations and a reduction in spatial inhomogeneity of the [Ca2+]i (see Discussion). The fiber was allowed to recover in control solution, then 1 pLM ryanodine was added. This concentration abolishes the twitch, but not the slow tension changes, in voltage-clamped calf Purkinje fibers (29) . In our canine fibers, the twitch was abolished within 10 min. OK and OK24Na solutions were then reapplied in the continued presence of ryanodine (Fig. 3B) . The effect of ryanodine on the fluctuations is similar to that of caffeine, as judged by its effects on the power spectrum of light (Fig. 3C, record 1) , on the raw light signal (Inset), and on the mean level aequorin luminescence (Fig. 3B) . Unlike caffeine, ryanodine does not alter the affinity of the myofilaments for Ca2" (A . Fabiato, personal communication) . The results in Fig. 3 provide strong evidence for involvement of the SR in the generation of the spontaneous [Ca2e]' oscillations.
We did not attempt to reverse the effect of ryanodine, which is generally believed to act irreversibly (28) . The effect of caffeine, on the other hand, was fully reversible, as shown in Fig.  4 . This preparation was bathed in 4 mM caffeine until twitch tension reached steady state, then exposed to OK and OK24Na solutions while still in the presence of caffeine. There is no initial burst of light (the fiber had already been exposed to caffeine for 10 min, so that any initial release of Ca2" stores would have already occurred), but otherwise the results resemble those of Fig. 3 : the light level is relatively low, and the oscillations are attenuated (Fig. 4C Inset, record 1) . The fiber was allowed to recover, then exposed to OK and OK24Na solutions in the absence of drug (Fig. 4B) . The oscillations in light intensity are once again prominent and, in addition, the mean level of light intensity is markedly increased compared with that in the presence of caffeine (Fig. 4C, record 2) . Fig. 4B might be used to obtain reliable measurements of the Ca2+-tension relation in intact heart tissue.
DISCUSSION

